ABSTRACT Development of cheap, green and up scalable production methods for graphene is one of the most challenging problems in its manufacture on an industrial scale. We report here a large scale substrate-free fluidized bed catalytic chemical vapour deposition (FB-CCVD) process for few layer graphene (FLG) powder production that uses a crystalline oxide catalyst of the general formula A x B 3-x O 4 , wherein the FLG layer thickness and domain sizes can be varied. A and B can be chosen from a list of transition elements including Co, Fe, Ni, Mn, Cu and Zn. The best results in terms of activity and selectivity are obtained for the Co x Fe 3-x O 4 system. We also investigated the reaction mechanism using in situ EXAFS and Raman spectroscopy, and electron tomography. Since FB-CCVD processes are already used for industrial scale production of carbon nanotubes, this process should enable the large scale production of free standing FLG in the near future.
Introduction
The wide availability of graphene and allied hybrid materials is crucial for the large scale exploitation of their unique electronic, mechanical and thermal properties. [1] [2] [3] [4] [5] For large volume applications such as in composites, electrochemical and energy devices, few layer graphene containing 2-10 layers (FLG) are ideal candidates, since they combine the properties of graphene at the same time being robust and easy to handle. [6] Bottom up methods such as chemical vapour deposition (CVD) are particularly attractive in view of the fact that natural graphite, used in top-down processes, is currently a strategic material, and that its price is projected to rise in the coming years. [7] Consequently, CVD of graphene films including processes to produce and transfer perfect large area FLG films to any given substrate have been developed. [8] [9] [10] [11] In contrast, very few bottom-up catalytic processes are available for the production of substratefree FLG, [12, 13] and in these processes, a precise control of thickness and crystallinity has not been demonstrated for large scale production. Indeed, the catalytic growth of carbon material from hydrocarbons is an well known but extremely complex reaction, the exact mechanism of which being still under debate. Initially, this reaction was studied due to the fact that carbon deposition was a serious cause of catalyst deactivation [14] or reactor degradation in some high temperature reactions such as steam reforming, methanation, and other important catalytic processes involving iron, cobalt and nickel catalysts. [15] [16] [17] Basically, three types of deposits have been regularly reported: i) flocculent amorphous carbon, ii) crystalline platelets or flakes of graphite, and iii) fibrous, polycrystalline carbon. [18] Three-dimensionally ordered graphitic flakes with 200-500 nm thickness have been successfully produced in the past on Fe, Co, Ni or Pt foils or films from methane or acetylene. [16, 17, 19] The use of Fe nanoparticles, instead of film, as catalyst and CO as carbon source allows the selective formation of fibrous carbon [20, 21] . Thus a breakthrough in the form of a selective, large scale and inexpensive process for the production of free standing crystalline FLG that allows a high control of thickness and defect density is highly desired before FLG commercialization.
Here, we report a fluidized-bed catalytic CVD (FB-CCVD) [22] process to produce FLG in high yield and we have investigated the mechanism of its formation. The process consists of the catalytic decomposition of a carbon source such as ethylene or ethane over Co-Fe alloyed catalyst particles, which are produced in situ during the reduction of a nanocrystalline spinel material of the family A x B 3-x O 4 . While we have checked that several members from the family of spinels can be successfully used for the selective formation of FLG (A = Co, Ni, Mn, Cu, Zn and B = Fe), best results in terms of activity and selectivity have been obtained so far for A = Co and B = Fe. The yield and thickness are determined by a variety of parameters including i) catalyst composition ii) crystallite size of the spinel and iii) the reaction conditions of the catalytic CVD process. In the following sections, we show that the spinel oxides form a unique system for FLG growth in that: i) the in situ formation of Fe-Co alloy induces metal dusting to nucleate carbon, and ii) by varying the Fe/Co ratio, the rate of carbon deposition can be fine-tuned to achieve thickness control. We have also reported that a catalyst composition containing a mixture of the CoFe 2 O 4 and a standard multiwall carbon nanotube (MWCNT) catalyst [23] leads to MWCNT-FLG hybrids with composition control in a single step. [24] 2. Experimental
FLG synthesis
In a typical experiment, 25mg-1g of the catalyst was inserted into a horizontal fixed bed or a vertical fluidized bed reactor and reduced under Ar (N 2 )/H 2 (3:1) flow for 1h to temperatures in the range 650-700°C, after which 0.03-1L/min of ethylene gas is introduced for a varying period of time ranging from 9s-1h. The reaction products are cooled under Ar/N 2 . The yield of the reaction was calculated by the parameter ξ = g FLG /g catalyst . The reduced catalyst with the carbon deposit is dropped into 35% HCl at 20°C to dissolve the catalyst. The carbon powder is washed with water and dried at 120°C in air. The carbon content in the washed sample was measured using thermogravimetric analysis (TGA) and the oxygen content was estimated from XPS.
Heat treatment of FLG particles
The heat treatment of the FLG samples was carried out in the temperature interval of 2200-2800 ºC in a graphite electrical furnace for 1 h under Ar flow. This treatment was done to study the effect of high temperature annealing on the purity and crystallite size growth of the samples. [21] The heating rates were 50 ºC min -1 , 100 ºC min -1 , 25 ºC min-1 and 10 ºC min -1   in the   temperature intervals of room to 700 ºC, 700-1000°C, 1000-2000ºC and 2000-2800ºC, respectively. The resulting graphitic materials were denoted by including a suffix with the treatment temperature in the GP designation, such as GP/2400 or GP1/2400.
Characterization techniques
Scanning electron microscopy images were taken on a Field Effect Gun SEM JEOL 6700F
microscope. Low resolution TEM images were done on a JEOL 1011 instrument and a FEG Schottky JEOL 2010F analytical electron microscope, equipped with a field-emission gun was used for high-resolution transmission electron microscopy (HRTEM) investigations. Chemical analysis of the nanoparticles was carried out in STEM configuration (spot mode, probe diameter = 1 nm) using a Bruker EDAX spectrometer (provided with a Silicon Drift Detector with a resolution 127 eV). The X-ray diffractograms were recorded in a Bruker D8 powder diffractometer equipped with a göbel mirror in the incident beam and a parallel-slits analyzer in the diffracted beam. The mean crystallite sizes, L c and L a , were calculated from the (002) and (110) peaks, respectively, using the Scherrer formula, with values of K = 0.9 for L c and 1.84 for
Raman spectra were obtained in a Raman micro spectrometer HR 800 Jobin Yvon Horiba using the green line of an argon laser (λ = 532 nm) as an excitation source. The intensity (integrated area) I and width (FWHM) W of the bands were measured using a mixed Gaussian-Lorentzian curve-fitting procedure.
X-ray absorption measurements were acquired at the Fe (7.112 keV) and Co K-edges ( Standard data reduction techniques were employed to fit the data using the WINXAS 3.1 software program. The normalized, energy-calibrated absorption spectra were obtained using standard methods. The pre-edge edge energy of oxidized samples was determined by the peak energy position of the pre-edge. The edge energy was determined from the maximum of the first peak by taking the first derivative of the XANES spectrum. Experimental phase shift and backscattering amplitudes were measured using standard compounds of known structure, Co (12 The tomographic 3D analysis in conventional bright field TEM, was performed using a JEOL 2100F TEM/STEM microscope, operating at 200 kV and equipped with a probe corrector and a GIF Tridiem energy filter. Before observation, the powdered material was suspended in ethanol by sonication and several droplets were deposited onto a cooper grid covered by a carbon holey membrane. The acquisitions of the tilt series were performed using high tilt sample holder and acquisition software from GATAN Company. The images tilt series was acquired with angles spanning from +60 to -70 degree, with projections taken every 2° according to the Saxton scheme.
Catalyst treatments
Catalysts were measured using a continuous-flow reactor, which consisted of a quartz tube (1-in.
OD, 10-in. length) sealed with Kapton windows by two Ultra-Torr fittings. Ball valves were welded to each Ultra-Torr fitting and served as the gas inlet and outlet. An Omega K-type thermocouple was placed against the catalyst sample holder to monitor temperature. Catalyst samples were pressed into a cylindrical sample holder consisting of six wells, forming a selfsupporting wafer. Samples were diluted with the carbon provided to achieve ca 0.35-0.40 mg metal in the beam, which gives an absorbance (µ x ) of approximately 1.0. Traces of oxygen and moisture in the He were removed using a Matheson PUR-Gas Triple Purifier Cartridge.
Catalysts were first measured under air at RT. Samples were then reduced in 3.5 % H 2 /He at 650 °C before being cooled to RT for measurement. The same samples were then heated under 3.5 % H 2 /He for measurement at 650°C on the beamline. After measurement, whilst still at 650 °C the gases were switched to a mixture of pure H 2 (30 ml/min) and 4 % C 2 H 4 /He (90 ml/min) and the samples treated for 30 min. Measurements were taken at 650 °C in C 2 H 4 /H 2 . Finally, the reactor was purged with 3.5 % H 2 /He and cooled to RT where the final measurements were taken.
Results and discussion
The oxide spinel catalysts Co Decreasing x increases the yield but decreases selectivity with the formation of filamentous carbon at values x < 0.5.
Fourier transform of TEM images of FLG ( Figure 1C ) have shown that these consist of more than one graphene layer rotated with respect to each other with random rotational angles, as has been reported for multilayer graphene films produced on Cu substrates. [27] The random stacking has also been probed using Raman analysis of purified samples as well as FLG annealed between 2200°C and 2800°C in argon atmosphere. A Raman analysis of the samples is presented in Figure 2 and the Raman parameters are given in Table 1 . Table 1 Crystalline parameters from XRD and Raman for purified FLG before and after heat treatment.
The spectra are highly uniform over the entire flake. The narrow G band at 9s shows that a well crystallized sp 2 carbon network is present. We have studied the effect of argon annealing on the domain sizes and stacking using Raman spectroscopy and X-ray diffraction (Figures. S.7-S.9). The results are summarized in Table 1 .
The widths of all the XRD reflections decrease with increasing annealing temperature (2200- The Raman parameters from the first-order spectra are also reported in Table 1 This indicates that annealing reduces mainly the edge defects as is expected for crystal growth through coalescence. The W G' of FLG decreases when annealing at 2200 °C, but shows little change thereafter up to 2800°C. The number of graphene layers is known to influence the G' band shape. The G' band can best be fitted by three Lorentz peaks. Figure 2C shows the deconvolution of the G' band. Three peaks are observed, one at the same frequency of the original G' at around 2698 cm -1 (denoted G' 2D due to its association with a two dimensional character associated with a poor stacking order along the c axis), and two others at around 2687 cm -1 and 2727 cm -1 denoted G' 3DA and G' 3DB , which are associated with the 3 dimensional configuration of graphite. [29, 30] After annealing, while I G'3D increases and I G'2D decreases showing increased structural ordering, I G'3DB does not follow any specific trend (I G'3DB /I G'3DA < 1). Hence, the high temperature treatment of FLG improves the graphitic structural order, particularly the bi-dimensional crystalline order [31] but has little effect on the stacking order.
X-ray diffraction of unpurified FLG at 9s reaction (Figure S.10) indicated that the spinel catalyst undergoes complete reduction during the CVD reaction to produce Fe-Co alloys with the bcc structure. A low intensity peak that could be attributed to cobalt ferrite spinel was observed, probably due to the alloy nanoparticle oxidation upon air exposure. The reaction selectivity and hence the nature of the active phase depends critically on the temperature of synthesis. Carbon nanofibers (CNFs) with diameters ranging from 30-60 nm ( Figure 1F ) were formed selectively at 450 °C ( =3.5).  increased to 4 at 500 °C and decreased to 2.7 at 550 °C. The selective production of CNFs by CVD using a support-free catalyst has not been reported yet. FLG was selectively formed in the temperature window of 620-720°C, and higher temperatures lowered the selectivity of the reaction with the simultaneous formation of MWCNT. The ferrite reduction and the reaction of the active phase with ethylene were studied using in situ XANES, EXAFS and Raman. TEM observations were performed ex situ.
To understand the nature of the unsupported spinel catalysts under reaction conditions, the oxidation state and coordination environment were determined by in situ XANES and EXAFS Table 2 Fitted EXAFS data of the samples and references at the Co K-edge and Fe K-edge Figure 4A shows the evolution of the Raman spectra for remains stable up to 575°C and is the only oxide phase observed after cooling down. [38] . It appears therefore that the active species that is responsible for the formation of CNFs is either (Fig. 5C ) is seen spreading outward from the metal catalyst that appears to have suffered fragmentation (Fig. 5D ). Also seen are very small nanoparticles (2-3 nm) dispersed on/in the graphene flake (inset Fig. 5D ) arising from partial fragmentation of the original particles. The average sizes of these particles increases from 2 to 8 nm from 15 s to 20 min (Fig.5D-G ) and the thickness of the graphene particles increased forming round flakes that curve at the edges. It appeared that the particles are not present on the graphene surface but buried in the interlayer spaces and hence their composition could not be determined. The 3D-TEM analysis of the sample exposed during 120s to ethylene confirms this hypothesis (Fig. 5H ). The slices extracted from the 3D reconstructed volume (Fig. 5H ) highlight a tubular shape of the graphene within several well-defined channels inside. Moreover, the metallic nanoparticles are located preferentially in these channels and only very few of them are on the graphene surface. The deposition of graphitic carbon accompanied by the fragmentation of the FeCo alloy catalyst leads us to suppose that a mechanism similar to the metal dusting process or a severe disruption of the substrate surface accompanied by metal carbon interdiffusion [17] could be operative in the early stages of the reaction. This is supported by the observation that increased iron in the catalyst leads to higher rates of dusting and Co 3 O 4 shows a very low rate of carbon deposition ( Figure 1E ). The phenomenon of metal dusting has been intensively studied by metallurgists from wherein it is clear that the dusting mechanism is different depending on the nature of the active species. In Fe based alloys, formation of cementite followed by its decomposition is the usual pathway to metal dusting. [40] However, it has also been observed that even small additions of Co or Ni can prevent carbides from forming and dusting can take place by the direct dissolution of carbon in the metal matrix with the displaced metal particles moving towards the interphase with the gas phase, [32, 41] where they usually catalyse the formation of filamentous carbon. [42] In our samples, while intensive dusting has not been confirmed from EXAFS results, TEM results show that at least some of the Fe-Co alloy particles undergo dusting even though the fraction of such particles may be very limited. XRD of the samples at 9s, 2 min and 20 min show a reduction in crystallite sizes by ~10% ( Figure S.22 ). Hence, a mechanism involving direct dissolution of carbon may be operative in the present case, except that MWCNTs are not produced, presumably due to the slow diffusion of the particles towards the surface compared to the very rapid FLG deposition process (Fig. 1A) . The selective formation of FLG indicates that its very rapid deposition hinders the metal particles from reaching the gas interphase. Instead, the small metal particles are found to coalesce and travel across the FLG layers by forming channels, presumably due to methanation reactions (Fig. 5H) . [43] Since carbon diffusion occurs preferentially through grain boundaries, the dusting rate is related to the grain size of metal catalyst. Such behaviour has been observed in the past for growth of graphite over foils of platinum and nicket at 1000°C. [19] In the present case, even though XRD of the reduced catalyst has yielded an average grain size of 200 nm, HRTEM has shown that the grain sizes may be non-uniform with several grains on the particle edges with sizes in the 10-40 nm range, replicating the grain sizes of the starting oxide ( Figure. S.23). Indeed, this observation may explain why only partial dusting is observed and large sized grains remain unaffected.
Predictably, increase in cobalt content reduces the dusting rate, leading to lower rates of carbon deposition (Fig. 1E) . Hence the FLG nucleation rate can be controlled by the composition of the catalyst. Thus, we believe that FLG growth is initiated on the large alloyed FeCo particles, and that dusting constitutes a side-reaction. More studies, including modelling using Density The results presented above demonstrate that oxide spinels are good catalysts for substrate free production of FLG. Even though the production yield is still low for very thin FLG, the flexibility of the process allows room for improvement. Detailed characterisation of FLG produced with spinel catalysts with different A/B ratios needs to be carried out in order to control the graphene growth rate at the same time avoiding the formation of other forms of nanocarbon.
The process has a strong potential for industrial applications since it uses low processing temperatures and greenhouse gases as carbon source. FLG with very low (< 4%) oxygen content can be produced and in situ doping with elements such as nitrogen or boron can be envisaged.
First applications of our FLG samples, coated with Pd or metal free, have shown excellent catalytic activity for direct oxidation of alcohols [44] and aqueous sulphide oxidation reactions respectively. [45] 
